In contrast to the phorbol ester oxidative response, which only develops during dimethylsulphoxide (DMSO)-induced differentiation of the human leukemic myeloblast HL-60 cell-line, the endotoxin response was observed in undifferentiated and differentiated cells. The Ca 2+ response to endotoxin, detected in both differentiated and undifferentiated HL-60 cells, consisted of a transient 10-50 nM increase in intracellular Ca 2+. A very slow, irreversible increase in intracellular Ca 2+ was detected at high 1-100 ~g/ml endotoxin concentrations, and this effect, and the inositol phosphate response, correlated with the surfactant activities of various endotoxins and Lipid A. Arachidonic acid and sodium arachidonate 1-50 t~M stimulated a large 200-500 nM and transient Ca 2+ response in undifferentiated HL-60 cells, which was significantly greater than that elicited by 1-50 p~M eicosapentaenoic acid, and was not observed at similar concentrations of arachidonic acid methyl ester or myristic acid.
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These concentrations (1-50 /zM) of arachidonic acid were observed to have surfactant activities on the plasma membrane. At lower arachidonic acid concentrations a marked potentiation of both Ca 2÷ and oxidative responses to the chemotactic peptide fMet-Leu-Phe was detected. It is possible that the arachidonic acid released during phospholipase A 2 activation of neutrophils may be involved in cellular cross-talk and, at higher concentrations, in directly activating Ca 2+ and superoxide production. It is also possible that previously reported effects of endotoxin at high concentrations are an in vitro artefact of surfactant properties of endotoxin.
INTRODUCTION
Patients immunocompromised by burns, trauma, surgery or cancer show increased susceptibility to endotoxin [1] . The phagocytes and their secreted products mediate many of the vascular changes and organ damage associated with endotoxaemia. Various populations of phagocytic cells, at differing stages of differentiation and activation, contribute to the host response to endotoxin [2, 3] . Differences in phagocyte populations have 262 been detected in their surface epitope and receptor distribution, their ability to recognise bacteria and opsonised surfaces, and in their ability to mount an oxidative and cytotoxic response or to secrete regulatory mediators [4] [5] [6] . Altered neutrophil populations have been detected in trauma patients [7] , and, in endotoxaemic patients, increased adherence, margination, changes in leukocyte distribution, chemotaxis and superoxide production have been detected [4, 5, 8] . The activity of the immature phagocyte population may be important during endotoxaemia when there is evidence of mobilisation of immature cells into the circulation. A widely used model of phagocytic cell development is the human leukemic myeloblast HL-60 cell line [9] . Phenotypically, the undifferentiated HL-60 cells resemble blast ceils in their myeiomonocytic lineage and activities, and HL-60 cells differentiate toward granulocyte morphology and secretory activity on exposure to 1% DMSO [9] .
One difficulty in the study of the cellular effects of endotoxin has been a lack of knowledge of the molecular nature of the receptor and the pathways involved in endotoxin activation [6] . A further problem relates to the disparity between the physiologically active concentrations of endotoxin detected in vivo and the concentration used in many in vitro studies of endotoxin action [10] [11] [12] [13] . However, recent characterisation of endotoxin binding in phagocytes has led to the identification of endotoxin-binding proteins [14, 15] and more physiologically realistic concentrations of endotoxin have been used to elicit oxidative and secretory responses [2, 6, 16] . It has been observed that one of the endotoxin-binding proteins in neutrophils is physically associated with a phospholipase A z [17] , and there has been increasing evidence of intracellular and secreted phagocyte phospholipase A 2 activation during clinical and experimental endotoxaemia [18] [19] [20] [21] . Endotoxin activation of phospholipase A 2 has been detected in human mononuclear and polymorphonuclear phagocytes and in HL-60 ceils [17, 20, 22, 23] . The arachidonic acid released during phospholipase activation [13] may be involved in signalling to the NADPH oxidase either directly [2, 4] or indirectly by membrane perturbation [21] .
A further possible pathway of arachidonic acid activation may be via second messengers, such as intracellular Ca 2+ [24] [25] [26] . There is evidence that arachidonic acid release by phospholipase A 2 may be a receptor-linked process in neutrophils, involving a GTP-binding protein [27] . Synergy between arachidonic acid and diacylglycerol in eliciting superoxide production has been reported in guinea pig neutrophils [28] , but in vitro studies, using isolated NAPH oxidase from human neutrophils, indicated that arachidonic acid activation can occur independently of protein kinase C activation [24] . Also, protein kinase C-independent phospholipase A 2 activation by fMet-LeuPhe has been reported in HL-60 cells [23] . In investigating these intracellular pathways of oxidase activation, it is important to relate the analysis of isolated enzymes to the structure of the intact phagocyte. The neutrophil superoxide generating system may form a complex with the plasma membrane skeletal matrix and its associated proteins [29] . This organisation may have functional relevance not only to the control of superoxide production, but also to the targeting of microbicidal oxidants.
In this study, the responses of intact undifferentiated and DMSO-differentiated HL-60 cells and human polymorphonuclear leukocytes were investigated, to analyse the effect of endotoxin on the oxidative burst and the roles of arachidonic acid and intracellular calcium in this process. The surfactant properties of endotoxin and arachidonic acid were also investigated, in order to probe the effect of membrane perturbation on the activation of the NADPH oxidase.
MATERIALS AND METHODS

Culture of HL-60 cells
The HL-60 cells were cultured in RPMI 1640 culture medium, containing 15% (v/v) of heat-inactivated Fetal Calf Serum (Gibco, Paisley, UK) and 2 mM of L-glutamine (Gibco), and were harvested either without DMSO-induced differentiation (Day 0) or after incubation with 1.3% DMSO (Rathburn, Walkerburn, UK) for 1-3 days. Cells were washed twice in Dulbecco's phosphate buffered saline solution (PBS), and resuspended in PBS containing 0.1% gelatin and 5 mM glucose. Cell viability was > 95% by Trypan blue exclusion.
Preparation of polymorphonuclear cells
Polymorphonuclear cells were separated on a Ficoll Hypaque gradient from samples of human peripheral blood using EDTA as anticoagulant. Ceils were > 95% viable using Trypan blue exclusion and were washed and resuspended in PBS containing 0.1% bovine serum albumin and 0.1% glucose.
Analysis of intracellular oxidative activity
Cells were incubated with 20/.tM dichlorofluorescin diacetate (Kodak, New York, NY) for 20 min at 37°C, at a cell density of 1-2 × 107 cells/ml in PBS containing 0.1% gelatin and 5 mM glucose. Cells were then washed twice and resuspended in the same medium at a cell density of 2 × 106 cells per cuvette or per microtitre well, and the rate of oxidation of dichlorofiuorescin was immediately monitored at 20°C using a Perkin-Elmer LS5-B fluorimeter, excitation 495 nm, emission 530 nm, with either a 3 ml stirred cuvette or a microtitre attachment. The cell suspension was stimulated with increasing concentrations of endotoxin extracted from Salmonella minnesota in PBS solution, followed by phorbol myristoyl acetate (PMA) in PBS.
Chemiluminescence measurements
Cells were incubated with Krebs nutrient media at room temperature and 50 /zm Luminol (Sigma, Poole, UK) was added. After 1 min, cytochalasin B + 500 nM arachidonic acid (Sigma) was added, followed by fMet-Leu-Phe. The luminescence response was analysed using a LKB 1251 luminometer.
Monitoring of intracellular Ca 2 +
Cells were incubated with 5/.~M Fura 2AM at 37°C for 45-60 min, washed twice with PBS supplemented with 0.1% glucose and albumin, and resuspended either in RPMI medium or in Krebs medium at 20°C. The Fura-2 fluorescence was monitored in a stirred cuvette using a Perkin 263 Elmer LS5B fluorimeter either at a constant wavelength pair (340 nm excitation, 510 nm emission), or using the A programme mode to monitor the ratio of the emission at 510, with 340 nm as the excitation wavelength as numerator and that with 380 nm as denominator. Calibration of the signal after each experiment was carried out using 5/zm ionomycin-permeabilised cells, Fma x was determined in the presence of 5 mM Ca 2÷, and Fmi n using 5 mM Mn 2÷ [30] . The calculated dissociation constant for Fura 2-Ca 2+ was 230 nM under our experimental conditions.
Ethidium homodimer membrane permeabilisation assay
Ethidium homodimer, a recently developed probe of plasma membrane integrity, intercalates one of its chromophores into double stranded DNA and RNA with a binding constant of ~ 2 × 108M [31, 32] . Ethidium homodimer was dissolved in DMSO and optimised in the concentration range 0.5-10/xM, using calf thymus DNA (0.03-300 ixg/ml). Fluorescence was monitored using excitation and emission wavelengths of 520 nm and 600 nm, in a Perkin-Elmer LS5-B fluorimeter. The fluorescence intensity of the ethidium homodimer-DNA complex was directly proportional to DNA concentration over the range 1.0 tzg/ml-l.0 mg/ml DNA. The fluorescence associated with maximum cell permeabilisation was determined at the end of each experiment using digitonin 100 izg/ml.
RESULTS
I. Endotoxin stimulation of intracellular superoxide during DMSO-induced HL-60 cell differentiation
The rate of oxidation of intracellular dichlorofluorescin was analysed in undifferentiated HL-60 cells and in HL-60 cells differentiated using DMSO for 24 h, 48 h and 72 h (Fig. 1) . The rate of dichlorofluorescin oxidation was measured in the absence of stimuli for 6 rain (basal rate), and then for 3 rain in the presence of either S. minnesota endotoxin 0.05-1.2 ng/ml, or phorbol myristoyl acetate (PMA) 0.5-300 nM. The rate of dichlorofluorescin oxidation in unstimulated cells was linear over 30 min, but that of HL-60 cells incubated with endotoxin was sustained over shorter periods (2-5 min). When PMA was used to stimulate cells on day 3 of DMSO differentiation, a sustained rate of oxidation was detected for up to 5-10 min. An increased rate of dichlorofluorescin oxidation was detected in both undifferentiated HL-60 ceils and in cells differentiated for one or two days in the presence of DMSO. The endotoxin response contrasted with the PMA response. There was no significant stimulation of HL-60 cell oxidation by PMA on days 0-2 of differentiation. This suggests that the pathways of induction of the two responses are different.
The effect of endotoxin and fMet-Leu-Phe on HL-60 cell Ca 2 + during DMSO induced differentiation
The Ca z+ response of undifferentiated and day 3 differentiated HL-60 cells was analysed in Fura 2 loaded cells (Fig. 2) . In these experiments, the endotoxin concentrations used (0.1 ng/ml-35 ng/ml) were within the range used to stimulate were within the range that stimulate granulocyte secretion [33] . Both undifferentiated and differentiated HL-60 cells responded to endotoxin with a small and transient mobilisation of intracellular Ca 2+ (Fig. 2 A-C) . This effect was observed at relatively low endotoxin concentrations (from 0.1 ng/ml of S. minnesota endotoxin), and involved an increase in the fluorescence signal within 5 s, reaching a maximum by 15-30 s, and declining to basal levels by 60-90 s. This response was not increased by using higher endotoxin concentrations. However, at high endotoxin concentrations, a very slow increase in intracellular Ca 2 + was detected (see the slight upward drift in the post-stimulation baseline in Fig. 2 C, 1-2 rain after endotoxin stimulation), and this may be related to the surfactant properties of endotoxin at high concentrations (see SEC'TION 4.4).
The chemotactic peptide fMet-Leu-Phe also stimulated a small increase in intracellular Ca 2+ in undifferentiated HL-60 cells, which was of similar magnitude to the response to endotoxin (Fig. 2 D and E) . However, the fMet-Leu-Phe response differed from the endotoxin response in increasing during HL-60 cell differentiation (Fig.  2 F and G) . The Ca 2 ÷ response to fMet-Leu-Phe after two days of DMSO-differentiation was greater than that of undifferentiated ceils.
The effect of arachidonic acid on intracellular Ca 2 + in undifferentiated HL-60 cells
Phospholipase A 2 activation by endotoxin releases arachidonic acid, which has been demonstrated to stimulate the oxidative burst in phago-265 cytes [34, 35] . The role of arachidonic acid as a possible intracellular mediator of endotoxin action was investigated in HL-60 cells. The effect of arachidonic acid and other fatty acids on HL-60 cell Ca 2+ was analysed in the concentration range detected in tissues [36] . The effect of arachidonic acid on Ca 2+ was compared to the response to endotoxin and fMet-Leu-Phe in the same cell preparation (Fig. 3 A and I3 ). The DMSO which was used to dissolve the agonists had no significant effect on intracellular Ca 2+ at the concentration used in this experiment, 0.33% (Fig. 3 C) . The addition of arachidonic acid, either as the sodium salt (Fig. 3 D-F) or as free arachidonic acid (Fig. 3 G) caused a large increase in intracellular Ca 2÷ in HL-60 cells, which increased with arachidonic acid concentration within the range of 1-50/xM. At higher concentrations of arachidonic acid, an irreversible increase in intracellular Ca 2÷ was detected, which correlated with the permeabilisation of the cellular membranes of the HL-60 cell (see SECTION 4.4). The arachidonic acid effect on intracellular Ca 2÷ was relatively specific. A considerably smaller Ca 2÷ response was detected using eicosapentaenoic acid (Fig. 3 H and I), and no effect was detected when 25.5 tzM myristic acid was added to HL-60 cells (Fig. 3  J) . The lack of effect of the methyl ester of arachidonic acid (Fig. 3 K) , indicated that the carboxy terminal was important in the action of the arachidonic acid.
Effects of arachidonic acid and endotoxin on HL-60 cell membrane permeability
The nucleic acid chelating probe ethidium homodimer was used to investigate the effects of Ara Ha+ IJM Fig. 4 . Effect of arachidonic acid on HL-60 cell membrane permeability, determined using ethidium homodimer. HL-60 cells were suspended in RPMI at 20°C in a stirred cuvene at a cell density of 2.2 x 106 cells/ml, and the fluorescence (excitation 520 nm, emission 600 nm) was monitored before (0) and after the addition of sodium arachidonate 1-50/zM, in three separate experiments, using a Perkin-Elmer LS-SB fluorimeter, excitation slit 15 nm, emission slit 2.5 nm, fixed scale 20.0. The results plotted indicate the mean of nine determinations of steady state fluorescence _+ S.E.M. after 3 min incubation with sodium arachidonate, obtained by integrating fluorescence output over 4 s in three sequential time points in three cell preparations. The maximum permeabilisation, obtained using 100 txM digitonin, was 80-t-3.5 fluorescence units. arachidonic acid and endotoxin on the cell membrane permeability of HL-60 ceils. The sodium salt of arachidonic acid at the concentrations which stimulated the Ca 2+ signal 1-50 tzM (Fig.  3) , was added to HL-60 cells in the presence of ethidium homodimer (Fig. 4) . Slight permeabilisation of HL-60 cell membranes was detected at lower concentrations of arachidonate, < 10 /xM, and this increased with increasing concentrations of arachidonate. The surfactant activity of sodium arachidonate was very potent. At high concentrations of ~ 120 ~M arachidonate, complete permeabilisation of the plasma membrane was detected. The effect of endotoxin under the same 267 conditions was more limited, never reaching more than 10% of maximal permeabilisation. However, within the concentration range at which endotoxin has been reported to exert surfactant activities, 1-100 p~g/ml, [37] , a concentration-dependent permeabilisation of HL-60 ceils was detected. A preliminary description of this endotoxin effect has been reported [38] .
Arachidonic acid potentiation of the fMet-LeuPhe Ca 2 + and chemiluminescence responses
In the human neutrophil, the direct effect of 1-50/zM arachidonic acid on intracellular Ca 2+ [39] resembles the arachidonic acid response which we observed in the HL-60 cells (Fig. 3 ). However, it is possible that lower concentrations of arachidonic acid may also be involved in cellular signalling. The effect of 500 nM arachidonic acid on human neutrophil responses was analysed under similar conditions to those reported above (see SEOrION 4.4) . At concentrations of endotoxin below 500 nM, a direct effect on intraceIlular Ca z+ was detected. The addition of fMet-Leu-Phe after arachidonic acid further increased the Ca 2+ signal (Fig. 5) . The Ca 2+ signal generated by fMet-Leu-Phe and arachidonic acid was almost double the signal generated by fMet-Leu-Phe alone. This effect on the fMet-Leu-Phe response was also detected at 37°C. In the same cell preparations, 500 tzM arachidonic acid had no direct effect on luminol-dependent chemiluminescence, but potentiated the chemiluminescence elicited by fMet-Leu-Phe by 20-30% (Fig. 6 ).
DISCUSSION
There is a remarkable species variability in the physiological response to endotoxin [2] . However, many studies of endotoxaemia have involved non-human models. The markedly higher sensitivity of humans to endotoxins, and the species differences in cardiovascular responses to endotoxin, suggest that there are differences in the sensitivity and distribution of endotoxin receptors, and species differences in effector pathways. The pathways of endotoxin activation are also incompletely understood. We previously reported that circulating human monocytes and neutrophils from normal individuals responded to endotoxin by generating a Ca 2+ signal [40] . Similar changes in intracellular Ca z+ were reported recently in individual peritoneal macrophages exposed to endotoxin [25] . In this paper, we also report that low concentrations, 0.1-1.0 ng/ml, of S. minnesota endotoxin stimulated a Ca 2+ signal in immature phagocytic HL-60 ceils. In addition, we found that these concentrations of endotoxin were able to elicit a transient oxidative burst in HL-60 cells. We had previously detected the transient stimulation of intracellular oxidative activity in response to low concentrations of endotoxin in human monocytes [41] . The endotoxin effect differed from the characteristic response to the phorbol ester, PMA, in the kinetics and in the concentration-dependence of the intracellular oxidative response. The oxidative response to endotoxin was less sustained, and was elicited by considerably lower agonist concentrations. In human monocytes [40] and in the HL-60 oxidative response reported in this paper, stimulation with 268 PMA was detected after prior stimulation with endotoxin. This indicated that the pathways of endotoxin and PMA activation of the phagocyte intracellular oxidative response were at least partially independent. In this paper, a further difference in the endotoxin and PMA oxidative responses was detected. We found, in agreement with previous reports, that the PMA response developed over the 3 days of DMSO-stimulated differentiation [9] , while the endotoxin response was detected in undifferentiated cells. This suggests that the pathways linking endotoxin and PMA to intraceUular NADPH oxidase are differently expressed during the process of HL-60 cell differentiation.
The Ca 2+ response to endotoxin which we detected was not related to an inositol phosphate response which we previously reported in HL-60 cells, which only occurred at much higher endotoxin-concentrations [11, 12] . Our previous analysis of endotoxin-stimulated inositol phosphate metabolism indicated that high concentrations, 1-100 /zg/ml, of various endotoxins or lipid A were necessary to induce an effect on inositol phosphate metabolism. In these and other in vitro experiments, the use of pharmacological, rather than physiological concentrations of endotoxin may lead to artefacts and problems in the interpretation of data. For instance, the amphipathic nature of the endotoxin molecule gives it surfactant properties and permits the formation of endotoxin lipopolysaccharide micelles with a microenvironment quite different from that of the phagocyte cell membrane [37] . While isolated patches of interdigitated endotoxin may transiently appear in phagocyte membranes, there is evidence of internalisation and metabolism of this endotoxin by phagocytes [2, 3] .
An example of a phospholipase whose activity has been elicited by concentrations of endotoxin which stimulate clinical and experimental endotoxaemia is phospholipase A 2 [17, 20, 22, 23] . The intracellular pathways of phospholipase A2 activation by endotoxin may involve direct activation with an endotoxin-receptor protein. A physical association between a phospholipase A 2 and an endotoxin-binding protein in neutrophils has been reported [20] , and a GTP binding protein may be involved in the stimulation of phospholipase A2 by fMet-Leu-Phe in neutrophils [27] . In addition, more indirect processes may activate phospholipase A 2 via Ca 2+ or cytokine-associated activation pathways [42] .
A primary product of phospholipase A z activation is arachidonic acid, and the most important findings of this paper relate to the potent activity of arachidonic acid on intracellular activation process in the phagocyte. We found that arachidonic acid, at concentrations of 500 nM-50 /~M, stimulated the generation of a Ca 2+ signal in HL-60 cells. This effect of arachidonic acid resembled the effect of arachidonic acid on human neutrophil Ca2 +, which had a similar ED50 of 15 ~M arachidonate [39] . At lower arachidonic acid concentrations < 500 /zM, we detected a potentiation of the oxidative response to fMetLeu-Phe at concentrations at which arachidonic acid had no direct effect on luminol-dependent chemiluminescence.
Arachidonic acid has been reported to exert direct stimulatory effects on three protein kinase C isoforms [43, 44] on Ca 2+ release from endoplasmic reticulum [45] and on the superoxide burst of intact phagocytes [34] and on cell-free membrane preparations of NADPH oxidase [35] . These effects occur within the range of concentration, 1-10 #M, in which free arachidonic acid has been detected in tissues [36] . The intracellular site(s) of arachidonic acid activation of the NADPH oxidase have not been identified. One possibility is that arachidonic acid exerts a direct action on a component of the NADPH oxidase. In vitro studies of arachidonic acid activation of the NADPH oxidase indicate that arachidonic acid activation does not require protein kinase C activation [24] . In support of a protein kinase C-independent pathway, the substrate selectivity of the arachidonic acid responses detected in our experiments and those of Beaumier [39] differed from the wider substrate specificity which was reported for protein kinase C [44] . The membrane perturbant activity of arachidonic acid which we detected in HL-60 cells, and the requirement for a free carboxy-group for arachidonic acid action suggest that arachidonic acid may act at the hydrophilic/hydrophobic interface of the membrane or of membrane-NADPH oxidase interactions, at sites which control NADPH oxidase activity.
In conclusion, endotoxin from S. minnesota stimulated HL-60 cells to release intracellular superoxide and Ca 2 + at endotoxin concentrations which have been reported to elicit endotoxaemia in vivo. The activity of the arachidonic acid which has been reported to be released during endotoxin-stimulated phospholipase activation was investigated, and a dramatic effect of arachidonic acid on HL-60 cell Ca 2+ and membrane pertubation was detected. At lower concentrations of arachidonic acid, a potentiating effect on the fMet-Leu-Phe response was detected which may be important in the cellular cross-talk and the control of phagocyte responses to microbiological and pathological stimuli.
